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Abstract 

In the present work the abatement of butyraldehyde (BUTY), dimethyl disulfide (DMDS) and their 

mixtures in gas phase was studied in continuous reactor at three different configurations: photocatalysis 

(TiO2+UV), dielectric barrier discharge (DBD) plasma and their association in the same system (DBD+ 

TiO2+UV). The effect of some operating parameters such as inlet concentration of pollutant and 

flowrate on planar reactor performance in term of (i) BUTY removal (ii) selectivity of CO and CO2, 

selectivity of byproducts has been also investigated. Moreover, ozone formation has been studied to 

evaluate the performance of the combined process. A synergetic effect was observed by combining 

(DBD) plasma and photocatalysis on BUTY removal but has not been present when it was in air mixture 

with dimethyl disulfide (DMDS) due to the poisoning of the catalyst. Additionally, degradation was 

observed as a consequence of by-products accumulation on the surface of the catalyst. Moreover, the 

regeneration/recovery of the initial photocatalytic activity was explored in details. A significant 

regeneration has been occurred by combining photocatalysis and nonthermal plasma. This trend of 

nonthermal plasma on catalytic surface can explain the synergetic effect during the pollutant 

degradation time. Moreover, the catalyst was concomitant with the time required for the hydrophobic to 

hydrophilic transition on the catalyst surface as followed by contact angle measurement (CA). Redox 

catalysis was detected by X-ray Photoelectron Spectroscopy (XPS) showing Ti4+/Ti3+ switching during 

the degradation, poisoning and regeneration times. 

 

Keywords: Sulfur compounds, Dielectric Barrier Discharge, Photocatalysis, Synergetic effect, Catalyst 

poisoning, Catalytic regeneration. 
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Introduction 

The emission of volatile organic compounds (VOCs) is a major source of air pollutants, coming largely 

from industrial sectors especially by the petrochemical, and therefore, poses serious damages to 

environment and public health [1-3]. Sulfur containing volatile organic compounds (SVOCs) constitutes 

one of the important families of atmospheric pollutants such as methyl mercaptan (CH3SH),dimethyl 

sulfide (CH3SCH3) and dimethyl disulfide (CH3SSCH3) [4,5].These mentioned compounds are coming 

either from natural processes like anaerobic biological activities or from anthropogenic emissions 

sectors such as pulping processes and chemical industries. First and foremost, these sulfur compounds 

are known by their high toxic and corrosive effect [4,6,7]. Besides, they are causing significant 

environmental problems. In fact, their oxidation in the atmosphere will lead to the production of sulfur 

dioxide (SO2), which be consequently converted into sulfuric acid and returns to the earth when it rains 

[4]. Therefore, the abatement of those odorous emissions in the atmosphere is an important issue that 

needs an efficient and least-cost process. Adsorption [8], thermal oxidation [9], biological treatment [10], 

ozonation [11], and catalysis/photocatalysis [12] have been proposed by researchers as conventional 

VOCs treatment methods. 

Photocatalysis is a promising technology for air purification because of its ability to break down a wide 

range of pollutants to non-toxic end-products such as CO2 and H2O under ambient conditions [13,14]. 

The latter processes based on photoreactions which take place at the surface of a semiconductor 

usually titanium dioxide (TiO2) under ultraviolet (UV) irradiation [15-18]. Some significant results have 

been achieved in the photocatalytic oxidation of many organic compounds like VOCs and SVOCs which 

includes dimethyl sulfide [19], ethyl mercaptan [20], hydrogen sulfide [21], BTEX (Benzene, Toluene, 

Ethylbenzene and Xylenes) removal [22] and isovaleraldehyde [23]. Moreover, several researchers 

have investigated non-thermal plasma (NTP) as one of the technologies which can be used to treat 

polluted air [24-26]. This techniques characterized by its high efficiency in the formation of reactive 

chemical species like hydroxyl radicals, atomic oxygen and ozone, which may react and degrade 

organic molecules at room temperature under atmospheric pressure [26-28]. In fact, dielectric barrier 

discharge (DBD), one of the NTP techniques, has been employed successfully for the abatement of 

various aromatic VOCs: toluene [29] and benzene [30], trimethylamine [31], hydrogen sulfide [32], and 

sulfur dioxide [33]. Several studies have reported on the combined process between non-thermal 

plasma (NTP) and photocatalysis leading to improve the efficiency of VOCs degradation [34-39] over a 

synergistic effect [29-32]. 

The aim of the present work is to explore the removal efficiency of butyraldehyde (from now as BUTY), 

dimethyl disulfide (from now as DMDS) and their mixtures in planar reactor, using dielectric barrier 

discharge (DBD) plasma (from now as DBD-plasma) and photocatalysis processes separately and their 

combinations in the same reactor. The influence of inlet concentration and flowrate on the pollutants 

removal, nature of the by-products and ozone formation inside the process are studied in details. 

Moreover, an interesting challenge of this work is to study the presence of synergetic effect between 

DBD-plasma and photocatalysis during the oxidation of mixture of VOCs at pilot scale. A special 

attention is paid to TiO2 poisoning and its regeneration with different process oxidation (plasma, 
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photocatalysis and combined system). The evidence for redox catalysis responsible for the 

photocatalytic activity was also investigated.  

 
2. Materials and methods 

2.1. Reactor design and setup details 

The reactor consists of a rectangular glass chamber (length L = 1000 mm, width l = 135 mm and height 

H = 135 mm). Two glass plates are installed parallel to the length of the reactor and permit to maintain 

the catalyst, the two electrodes (1 mm thick and 800 mm in length) and high voltage grids (stainless 

steel, 2 mm thick). To generate the plasma, high voltage is applied to the reactor. The applied voltage is 

delivered by a generator (BFi OPTILAS) as a sinusoidal waveform up to 10 V and then amplified by an 

amplifier (TREK 30/40) to achieve 30 kV. This amplifier is connected to the electrodes. A coil of 

capacitors with a total capacity of 2.5 nF (Cm) was positioned between the copper electrode and the 

ground connection in order to collect the charges in the reactor. The distance between the two plates 

could be adjusted to modify the space/air gap. The voltage applied (Uapp) and the high voltage capacity 

(Um) are measured by high-voltage probes recorded with a digital oscilloscope (Lecroy wave surfer 

24Xs, 200MHz). The reactor can be used also as a photocatalytic reactor and as a plasma DBD–

photocatalytic reactor. Eight lamps (Philips under reference PL-S 9W/10/4P) are placed equidistant 

from each other in air gap of the reactor in order to ensure a good radiation distribution (Figure 1). The 

photocatalyst is maintained between the stainless steel grid electrode and the dielectric barrier in the 

plasma active area. The UV lamps arranged in the reactor, permit the activation of the photocatalyst. 

Two openings with septum downstream and upstream of the reactor allow outlet and inlet gas to be 

sampled with a 500 μL syringe. 

 

Figure 1. Schematic illustration of the used set-up: (a) sectional drawing and (b) planar reactor. 

2.2. Catalysts 

The supported material is further named Glass Fiber Tissue (GFT) containing 13 g/m2 of colloidal silica, 

a 13 g/m2of titanium dioxide nanoparticles and inorganic fibers. The coating process consists in an 

impregnation of glass fibers by SiO2 and TiO2 nanoparticles suspension in pure water using an 
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industrial size-press (PC500 Millennium). The specific area of TiO2 nanoparticles is 300 m2/g. The 

coating process consists in impregnating fibers using industrial size press. The press is employed to 

impregnate fibers with the suspension; then, they are dried (Figure 2). Material preparation has been 

performed by Ahlstrom Research and Services. 

 

 
Figure 2. SEM imaging of TiO2 deposited on GFT [38]. 

 

2.3. Polluted flow generation 

The generated flow rate is controlled by a mass flow meter (Bronkhorst In-Flow) with a maximum flow 

rate reached about 10 m3 h−1. In order to keep the value of relative humidity (RH) of the gas constant a 

variable part of the air flow is derived through a packed column where water flows in counter current 

and the RH value was about 50% (Figure 3). 

 

Figure 3. Experimental setup. 
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The pollutants, BUTY and DMDS, are injected continuously in liquid state by means of a 

syringe/syringe driver system (Kd Scientific Model 100) through a septum into the gas stream. A 

heating tape was wrapped around the pipe at the injection zone in order to ensure a good evaporation 

of each pollutant. A static mixer allows the homogenization of the upstream effluent (Figure 3). We note 

that all experiments were carried out at room temperature and atmospheric pressure. A TESTO sensor 

is used to measure the temperature and relative humidity.  

2.4. Analysis system 

Analysis of BUTY was performed using a gas phase chromatograph (Fisons GC9000) equipped with a 

flame ionization detector (FID). Nitrogen was used as the carrier gas and constitutes the mobile phase. 

All injections were performed manually with a syringe of 500 μL and repeated at least three times and 

DMDS was analyzed by another gas phase chromatograph (THT MEDOR®), also all injections were 

performed manually with a bag of 5L, sampling was done in cycles; each cycle lasts 30 min. More 

details about the analysis system of the sulfur compounds had been described in detail in our previous 

work [40]. 

2.5. COx, SO2 and O3 analysis 

The CO2 was analyzed by a Fourier Transform Infrared (FTIR) spectrophotometer brand Environment 

SA. The CO concentration was measured by NO/CO ZRE gas analyzer and SO2 concentration was 

measured by MEDOR gas analyzer. 

A standard iodometric titration method was used to estimate the downstream ozone formation. Thus, at 

the reactor exit, a constant air flow of 285 L h-1 is bubbled in a potassium iodide (KI) solution at 10-2 M. 

A yellowish solution is obtained when I- oxidizes into I2 [41]. 

2.6. Surface wettability, oxidative states as determined by XPS and OH-radical production as 

determined by fluorescence 

Sessile drop method on a Data Physics OCA 35 unit was used to evaluate the wettability of the catalyst 

surface by determining the water droplet contact angle (CA). 

The X-ray photoelectron spectroscopy (XPS) of the photocatalyst was determined using an AXIS NOVA 

photoelectron spectrometer (Kratos Analytical, Manchester, UK) provided for with monochromatic AlKa 

(hn=1486.6 eV) anode. The carbon C1s line with position at 284.6 eV was used as a reference to 

correct the charging effects. The surface atomic concentration was determined by XPS from the peak 

areas, using recognized sensitivity factors. The surface percentages composition was determined 

within the topmost atomic layers. The XPS spectra were deconvoluted by the mean of a Casa XPS 

updated version 2.3.18. 

The quantification of the °OH radical was carried out based on the method proposed by Hashimoto et 

al., [42]. For this, an Across Chemicals 99% terephthalic acid as well as NaOH 98% from Sigma Aldrich 

were used. The samples were immersed in a 0.4 mmol L-1 solution of terephthalic acid dissolved in a 4 

mmol L-1 NaOH solution. After UV-irradiation, the solution was transferred in a quartz cell. The 

fluorescence of the 2-hydroxyterephthalic-acid was quantitatively monitored on a Perkin Elmer LS-50B 
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spectrometer. The spectra were recorded at scan rate of 100 nm/min in wavelength range between 

400-500 nm after excitation at 315 nm. 

3. Results and discussion 

The evaluation of the process performance was done by estimating: the removal efficiency (RE), the 

carbon monoxide selectivity (SCO), the carbon dioxide selectivity (SCO2) and the specific energy (SE). 

These were determined according to the equations defined as follows (eq.1-5):  

 

 Removal efficiency (RE) of each pollutant:  

100             (1) 

Where Cin and Cout are the inlet and the outlet concentrations of pollutants (mg m-3) respectively.  

 

 Selectivity of CO: 

(2) 

 

 Selectivity of CO2: 

 

(3) 

 

 Specific energy (SE): 

 

(4) 

(5) 

where Q (m3 s-1) is the flow rate and P (W) is input power adjusted by changing the applied voltage (Va). 

The present work aimed at the removal of mixture of VOCs of different nature. Therefore, in order to 

understand the oxidation behavior of VOCs in a mixture, initial experiments were carried out on each 

compound alone. 

The pollutants analysis was started only once the air flow in the reactor reaches an equilibrium. In other 

words, a certain time was required after the pollutant is injected in the air flow crossing the reactor, so 

that its concentration stabilizes. Once the outlet concentration is stabilized and the catalyst is loaded, 

the oxidation starts and thus samples can be taken for analysis. 

3.1 Oxidation of BUTY 

3.1.1. Effects of inlet concentration and flow rate with photocatalytic process 

Inlet concentration and flowrate were varied in order to understand their influences on the performance 

of the photocatalytic reactor. The removal efficiency (RE) of BUTY at different inlet concentrations and 
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gas flow rates is shown in Figure 4. The inlet concentration of BUTY was varied from 25 to 150 mg m-3 

in the flow rate range of 4 to 8 m3 h-1. It is readily seen in Figure 4 that the removal efficiency of BUTY 

declines with increasing the flow rate, this is due to decreased contact time between the compound and 

the catalytic active sites. However, it can be noted also that with increasing the inlet concentration, the 

degradation rate of BUTY decreased; this behavior is well known and could be explained by the less 

effective availability of the active sites on catalyst surface [16,23,39]. 

 

 

Q= 4 m3 h-1 

Q= 6 m3 h-1 

Q= 8 m3 h-1 

Figure 4. Removal efficiency (RE) of BUTY with inlet concentration at different flow rates (Process tested: 

Photocatalysis, UV intensity= 20 W m-2, RH = 50 %). 

 

3.1.2. Effect of specific energy (SE) with plasma and combined system 

It is well known that the energy of discharge injected in the reactor is an important parameter. Thus in 

order to understand its effect, two studies of BUTY removal by DBD plasma reactor taken alone and 

combined with photocatalysis were carried out. It is interesting to note that, in our previous 

investigations [17, 44], results show that the UV light generated by surface discharge plasma in a 

continuous reactor for isovaleraldehyde removal did not activate TiO2 and its contribution to pollutants 

elimination can be neglected.  Moreover, it was shown by Thevenet et al. [38] that the UV produced by 

the plasma is not sufficient to activate photocatalyst during C2H2 degradation. Thus, the introduction of 

external UV light to the plasma is indispensable for maintain the photocatalytic activity of TiO2. 

The BUTY inlet concentration was around 45 ppm under a flow rate of 4 m3 h-1 in the SE range of 2-10 

J L-1 as showed in Figure 5. When only DBD plasma was used at SE equal to 9.945 J L-1, the BUTY 

removal was 28%. However, by coupling photocatalysis and DBD plasma, the BUTY removal reached 

53% with respect to the removal efficiency of 18% when photocatalysis was applied alone. Therefore, a 

synergetic effect is happening on the catalyst surface when applying both processes e.g. plasma and 

photocatalysis. This trend was the same for all the values of injected specific energy in the reactor. This 

is due to the role of neutrals (including molecules, radicals, metastable species and atoms), ions, 

electrons, photons and electric fields, on enhancing of plasma-catalyst surface interactions in terms of 
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surface chemical reactions and enhancing of mass transfer [43]. Similar observations have been 

mentioned in the literature for various VOCs. [36, 38, 43-45]. 

The synergetic effect seen on the photocatalytic surface can be attributed to: i) the non-thermal plasma 

involving various processes since the plasma produces many species such as high-energy electrons, 

excited molecules or radicals (O•, N, HO•, O2
•-, O3, NO2, NOx, etc.). These species can interact with 

BUTY molecules leading to its degradation and ii) plasma promoting the desorption of byproducts 

attached at the TiO2 surface leading to its mineralization iii) Plasma can induce activation of the TiO2 by 

creating hole/ electron pairs through ion bombardment [50,25,43]. 

 

Figure 5. BUTY removal efficiency at different SE when applying DBD plasma, photocatalysis and their 

combination: Evidence for synergetic effect (Q=4 m3 h-1, [BUTY] = 45 ppm, RH = 50%).  

 

3.1.3. COx selectivites and ozone formation  

Figure 6 shows the variation of COx selectivies (%) and the amount of ozone (ppm) produced when 

applying DBD plasma, photocatalysis and their combination. The production of CO is seen to below and 

its selectivity did not exceed 15%. The CO2 selectivity when applying the three processes is also 

presented in Figure 6. It is readily seen that photocatalysis is the most selective to CO2 among the 

three processes studied and its selectivity achieved 60% whereas SCO2 with DBD plasma alone and 

coupled processes is 30% and 45% respectively. Additionally, it is necessary to note that combining 

both processes (DBD+TiO2+UV) ensures a higher BUTY conversion rate and offers great possibility to 

reduce O3 formation at the outlet of the reactor. However, at SE equal to 9.945 J L-1, the ozone outlet 

concentration is 22.45 ppm and decreases to 15 ppm for combined processes. 

This behavior suggests that UV lamp can play a role of ozone decomposition as described in eq.6 and 

7 below [46,47]: 

(6) 

(7) 
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CO (%) CO2 (%) Ozone (ppm) 

Figure 6. Variation of COx selectivity (%) and the amount of ozone (ppm) when applying the three processes (Q=4 

m3 h-1, [BUTY] = 45 ppm, SE= 9.945 J L-1, RH = 50%).  

3.2. Oxidation of DMDS 

The performance of the reactor during the oxidation of DMDS was tested and the results, using the 

same planar reactor, are represented in Figure 7. The experiments were carried out at an inlet DMDS 

concentration of 45 ppm under a flow rate of 4 m3 h-1 in the SE range of 2 to 10 J L-1. Figure 7 shows 

the variation of the DMDS removal with specific energy for the photocatalysis (TiO2+UV) alone, plasma 

DBD alone, and for combining both processes. By coupling processes, DMDS is straightforwardly 

removed as seen in Figure 7. At SE=9.945 J L-1, the values of RE are 28%, 47% and 70% when 

applying photocatalysis, DBD-plasma and the coupling respectively. Whereas the synergetic effect is 

not observed with DMDS. Clearly, this behavior is attributed to the catalyst poisoning as a consequence 

of degradation by-products accumulating on the catalyst surface, beginning with photocatalysis, plasma 

and then coupled processes at low SE values. 
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Figure 7. Variation of DMDS removal efficiency with SE when applying the three processes (Q=4 m3 h-1, [DMDS] = 

45 ppm, RH = 50%).  

3.3. Oxidation of the mixture BUTY and DMDS  

A mixture of BUTY and DMDS was injected in equal amounts to the incoming air. The experiments 

were carried out at an inlet concentration of VOCs mixture of 45 ppm (each pollutant concentration is 

equal to 22.5 ppm) under a flow rate of 4 m3 h-1 in the SE range of 3-6 J L-1. The results for DMDS 

removal with specific energy using photocatalysis (TiO2+UV) alone, DBD-plasma, and for the coupling 

of both processes are shown in Figure 8. When applying photocatalysis, only 5% of the DMDS was 

removed. When DBD-plasma was used at SE= 6 J L-1, the DMDS removal reached to 10%. By coupling 

photocatalysis and DBD-plasma, the DMDS removal increased to 15%. In fact, DMDS removal was 

similar to the sum of removal efficiencies of each process taken separately. Therefore, a synergetic 

effect was not obviously observed. 

Figure 8 shows also BUTY behavior when it is oxidized by photocatalysis, DBD-plasma and by coupling 

both processes as a function of the injected energy. We noted that BUTY abatement is significantly 

better than DMDS. At SE equal to 6 J L-1, it can be also noted that by photocatalysis alone, the removal 

efficiency of BUTY was around 19%. When DBD-plasma alone was used, the BUTY removal reaches 

45%. By coupling photocatalysis and DBD-plasma, the BUTY removal increased to 55%. The 

synergetic effect is not observed with BUTY even if its degradation is higher compared to DMDS. 
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(SE = 3 J L-1) (SE = 3 J L-1) (SE = 6 J L-1) (SE = 6 J L-1) 

Figure 8. Variation of the removal efficiency of DMDS and BUTY in mixture (50%-50%) with SE using the three 

processes (Q=4 m3 h-1, [Mixture] = 45 ppm, RH = 50%). 

 

3.4. Photocatalyst poisoning and regeneration: Cyclic photocatalytic oxidation  

To your understanding, the lack of the synergistic effect is due to the catalyst poisoning during the 

photocatalytic pollutants degradation. Since the photocatalytic oxidation experiments were done in a 

consecutive way, the photocatalytic oxidation was seen to slow down. This could possibly explain the 

absence of the synergetic effect during the pollutant degradation. To better understand the influence of 

poisoning of the catalyst, a series of experiments was carried out. These experiments alternate phases 

of photocatalysis and of catalyst regeneration. The experiments were performed under dry conditions 

and continuous flow of 1 m3 h-1, at an inlet concentration of 45 ppm of BUTY and DMDS mixture (50%-

50%). Figure 9. (a) shows the removal efficiency of BUTY versus time during the cyclic studies using 

the photocatalytic reactor previously described. As can be noted, the removal efficiency of BUTY 

dropped after 7h of irradiation (cycle 1), the initial value of RE is about 46% (Figure 9. (a)). This 

decrease in the photocatalytic efficiency could be attributed to the adsorption of by-products on the 

active sites.  

Three regeneration procedures were tested to try to reestablish the catalytic capability of the catalyst. 

The first procedure uses ultraviolet (UV) irradiation without pollutant. Four photocatalytic cycles were 

done separated with reactivation under UV irradiation as seen in Figure 9. (a). After this first cycle, the 

reactivation (UV irradiation for 2h) was able to recover 30% of the efficiency as seen in cycle 2. At the 

end of the second cycle, a reactivation of 4h UV-irradiation recovered 21% as shown in cycle 3. During 

cycle 4, the photocatalytic efficiency is seen to considerably drop down. Therefore, a long-term 

continuous photocatalytic oxidation may cause poisoning phenomenon [6,7,21,48].  

During the second reactivation procedure, DBD-plasma was applied to air stream and then the cyclic 

photocatalytic oxidation begins again. Figure 9. (b) shows that in these conditions more than 23% of the 
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efficiency was recovered and it can be stated that after DBD-plasma regeneration the removal 

efficiency of BUTY are less than 23% compared to initial value of RE. 

The third procedure of regeneration is done by combining both regeneration processes (DBD-plasma 

+TiO2+UV). By applying this regeneration treatment, the result shows that the initial efficiency of the 

catalyst was fully recovered. After 4h of regeneration, it has been observed that RE achieved 47% and 

then the pollutant removal proceeds as function of time (Figure 9. (c)). This behavior explains the 

synergetic effect between DBD-plasma and photocatalysis. Thus, it has also been demonstrated that 

DBD-plasma may effectively regenerate poisoned catalysts. This behavior is similar to what it was 

reportedby Kim et al. [49].The latter demonstrated packed-bed plasma regeneration of an Au/TiO2 

catalyst deactivated by the adsorption of VOCs. Moreover, Sivachandrian et al. [50] reported TiO2 

surface charged with isopropanol can be generated with plasma in a packed-bed reactor. On the other 

way, Mok et al. [51] compared thermal and plasma regeneration of a deactivated Ni/alumina catalyst. 
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Figure 9. Variation of BUTY removal efficiency as function of time showing catalyst poisoning during the 

photocatalytic process (Q = 1 m3 h-1, [Mixture] = 45 ppm, RH = 5%) with different process of regeneration: 

(a) process regeneration: photocatalysis, (b) process regeneration: DBD-plasma, (c) process regeneration: 

DBD-plasma combined with photocatalysis. 

3.5. Surface wettability, oxidative states as determined by XPS and OH-radical production 

Photo-switchable behavior of TiO2 has been reported to happen within the irradiation time. Hydrophobic 

to hydrophilic transformation aided by water droplets was seen to enhance the photocatalytic pollutant 

degradation reaction as recently reported [52]. In our case, the contact angle θ was seen to drop from 

96° until 19° within the time required for the pollutant degradation. According to Young’s theory, when a 

liquid–vapor interface meets a solid surface an angle of contact is established and can be 

quantified/estimated using the water droplet contact angle (CA) method. The cosine of the contact 
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angle (cos θ) of water droplet on a solid surface qualifies of the interfacial energy between the solid and 

liquid. The three interfacial energies are related to the cos θ by the Young’s equation as follows (eq. 8):  

       (8) 

Where: ,  and are interfacial energy between the solid and the gas, interfacial energy 

between the solid and the liquid and interfacial energy between the liquid and the gas, respectively.  

According to this equation, the rate of the hydrophobic to hydrophilic transformation in our case was 

assessed to be 0.307 min-1 [53-56]. In other words, this means that the photoactive surface is 

transformed from hydrophobic to hydrophilic reducing the interfacial energy between the solid surface 

and the liquid by the mean of the applied light. This aspect was investigated in details and will not be 

further discussed in the present manuscript [52-53].  

Controversy interpretations are seen in the literature discussing if hydrophilic, hydrophobic or mixed 

hydrophilic-hydrophobic surfaces enhance the pollutant adhesion/contact with the catalytic surface and 

if this step is a limiting step preceding pollutant oxidation. Recent studies showed that complete 

Escherichia coli (E.coli) inactivation occurred while TiO2 thin film undergoes the transformation to its 

hydrophilic state [57]. 

Redox processes involving Ti4+/Ti3+ was seen to occur on the catalyst surface during the photocatalytic 

pollutant degradation. The as-prepared catalyst showed a Ti4+ peak at 458.5 eV coexisting and slightly 

higher than the Ti3+ peak at 457.8eV [52,58]. But after the catalyst poisoning, the Ti3+ peak amounts to 

more than 80% against only 20% for Ti4+. Surface atomic percentage determined by XPS showed that 

the poisoned catalytic surface accumulates S2p reaching 22.89% of the total surface species. This S2p 

was seen to decrease significantly up to 4% during the plasma surface regeneration as seen in Table 1. 

 

Table 1. Surface percentage atomic concentration on the catalyst surface at time zero, after the 

catalyst poisoning and after the plasma treatment: evidence for surface regeneration. 

Sample C1s Ti2p Si2p O1s S2p N1s 

As prepared surface 22.08 26.97 21.55 28.51 0.81 0.06 

Poisoned catalyst 11.31 22.45 19.03 25.27 21.89 0.05 

(Plasma + UV) regenerated catalyst 24.05 25.22 20.11 27.11 4.44 0.07 

 

The redox reaction on the TiO2 was also seen to occur concomitant to the increase of hydrophilicity 

within the pollutant degradation time observed on the catalyst surface as seen in Table 2 [53,58]. 

 

Table 2. Fraction of OH/(Ti-O+OH) on the catalyst surface. 

OH/(Ti-O+OH) 

As prepared surface 0.11 
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 Poisoned catalyst 0.28 

(Plasma + UV) regenerated catalyst 0.39 
 

 
 
 
 

 

Additionally, under irradiation light with higher energy (hʋ) than band gaps (Eg), the surface 

electrons are excited to conductive band, leaving holes in the valence band (i). Ozone (O3) formed 

by plasma is well known as a strong oxidant which can decompose VOCs at ambient temperature 

by direct way and also was reported to have a positive effect in terms of activity enhancement and 

regeneration of TiO2 photocatalyst [38]. This effect likely occurred via the decomposition of ozone 

under ultraviolet (UV) irradiation into very reactive species such as O2
.- and °OH. Thus, this trend 

explains the high fraction of OH in table 2. The depletion of the surface lattice TiO2 oxygen on the 

samples during the air pollutants abatement leads to O-surface vacancies, but these vacancies are 

compensated by O2
- due to the c(e-) reacting with O2 (air). One has to keep in mind that TiO2 

mediated photocatalysis is based on the fact that the adsorption of O2 does not proceed on perfectly 

neutral TiO2 surfaces, but on surfaces with excess negative charge on the surface TiO2/Ti-OH 

groups as reported by XPS in Table 2 as previously reported [58]. The O2 adsorbed by the non-

stoichiometric TiO2 surface under light capture and the photo-generated electron/hole pairs. Figure 

10 shows the OH-radical quantification on our photocatalyst. The photo-generation of °OH showed 

an increase up to 3h then a stable production with a little decrease of the generated amount. The 

latter was attributed to the TiO2 active sites saturation and the surface poisoning by the by-products 

as explained in the XPS section [58-59]. 

 

Figure 10. Photo-generation of °OH-radical under UV irradiation on TiO2 deposited on GFT. The 

measurement were carried out in triplicate, error bars=5%.  

3.6. Suggested mechanism of VOCs removal under UV/TiO2/O3 and energy consumption (EC) 
estimation. 
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Under irradiation light with higher energy (hʋ) than band gaps (Eg), the surface electrons are excited to 

conductive band, leaving holes in the valence band (i). Ozone (O3) formed by plasma is well known as 

a strong oxidant which can decompose VOCs at ambient temperature by direct way. It was also 

reported that O3 enhances the regeneration of TiO2 by reacting with the OH-groups and/or the 

generated O2°
- at the photocatalyst interface according to equations 9-10 below. This effect likely 

occurred through the decomposition of ozone under ultraviolet (UV) irradiation into very reactive 

species such as O2
°-and HO2° (ii) leading to effective degradation of VOCs (iii) as shown in the 

suggested mechanism in scheme 1.  

 

       (9) 

 

                            (10) 

 

 

Scheme 1. Suggested mechanism for VOCs removal under UV/TiO2/O3 combined processes.  

In order to investigate the different energy consumption of the three processes described in this study, 

the energy yield (EY) in units of the mass (in units of mg degraded) of pollutant removed per Wh input 

(g.kWh-1) is being calculated using the following formula:  

 For plasma:            

 For photocatalysis:      

 For combined system :      
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where SE specific energy of plasma, N is number of lamps used, Plamp is the real power consumption of 

one UV lamp, EYplasma and EYphotocatalysis EYcombined system are respectively the energy consumption in 

plasma, photocatalytic reactor and combined system.The estimated energy consumption (EC) values 

are in the order of 10 to 20 4 g.kWh-1, which is similar to previous studies on mixture of benzene, 

toluene and ethylene (known as BTEX) [60] and nitrogen oxides (NOx) [61] removal. For the reactor 

with combined system, EC for Buty removal was higher than that with the others two configurations 

(plasma and photocatalysis taken alone) as readily seen in Figure 11. This behavior can be due to the 

in-situ interactions between plasma and photocatalysis. However, this behavior is not observed in the 

case of DMDS treatment. The process requires higher cost to degrade DMDS compared to BUTY. In 

the case of low applied energy (2.9 J L-1), a loss of 15 g. kWh-1 with the combined process was 

observed. On the other hand, applying 9.9 J L-1, the combined process showed a gain of 4 g.Kwh-1 as 

seen in Figure 11. 

 

 

Figure 11. Variation of Energy Consumption (EC) vs SE at different configurations of tested 
processes (Q=4 m3 h-1, [Pollutant] = 45 ppm) (dark color: butyraldehyde; light color: DMDS) 

Conclusion  

In this work, the degradation of butyraldehyde and dimethyl disulfide with combined plasma and 

photocatalysis and the influence of inlet concentration, total flow rate and SE were studied. We can 

note firstly, that a synergetic effect was observed of butyraldehyde removal but not in the case of 

dimethyl disulfide removal. This trend is due to the poisoning catalysts. Secondly, the results show that 

during the mixture treatment a synergetic effect was observed for the two pollutants. On the other hand, 

photocatalyst deactivation was observed and the regeneration could be performed by combining 

photocatalysis and plasma (DBD). The combined system can regenerate rapidly the catalysts; this 

trend can explain the synergetic effect between plasma and photocatalysis. Redox catalysis was seen 

to happen during the pollutants degradation concomitant with a photo-switchable hydrophilicity as 

detected by contact angle measurement. Moreover, Surface atomic percentage determined by XPS 
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showed that the regenerated catalytic surface accumulates S2p reaching 4.44% of the total surface 

species which confirm the regeneration effect of plasma. Mechanism of the VOCs degradation/removal 

was suggested involving different oxidative processes. The energy consumption of the used processes 

was also estimated and discussed. 
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